This article comparatively reports the workability of Escherichia coli BL21(DE3) and Pseudomonas putida KT2440 cell factories for the expression of three model autodisplayed cellulases (i.e., endoglucanase, BsCel5A; exoglucanase, CelK; β-glucosidase, BglA). The differentiation of the recombinant cells was restricted to their cell growth and enzyme expression/ activity attributes. Comparatively, the recombinant E. coli showed higher cell growth rates but lower enzyme activities than the recombinant P. putida. However, the endo-, exoglucanase, and β-glucosidase on the surfaces of both cell factories showed activity over a broad range of pH (4-10) and temperature (30-100°C). The pH and temperature optima were pH 6, 60°C (BsCel5A); pH 6, 60-70°C (CelK); and pH 6, 50°C (BglA). Overall, the P. putida cell factory with autodisplayed enzymes demonstrated higher bioactivity and remarkable biochemical characteristics and thus was chosen for the saccharification of filter paper. A volumetric blend of the three cellulases with P. putida as the host yielded a ratio of 1:1:1.5 of endoglucanase, exoglucanase, and β-glucosidase, respectively, as the optimum blend composition for filter paper degradation. At an optical density (578 nm) of 50, the blend generated a maximum sugar yield of about 0.7 mg/ml (~0.08 U/g) from Whatman filter paper (Ø 6 mm,~2.5 mg) within 24 h.
Introduction
The production of bio-commodities via enzyme bioprocessing has received worldwide attention and interest largely due to the safety and product selectivity benefits of enzyme reactions. However, technical issues such as low expression levels, enzyme instability and inefficiencies, and high processing cost have hampered the expected progress (van den Burg 2003; Percival Zhang et al. 2006; Bayer et al. 2008; Himmel et al. 2010; Schoffelen and van Hest 2012; Beckham et al. 2012; Elleuche et al. 2014) . As a result, the development of whole-cell biocatalyst systems as a suitable replacement of the widely used, costly cell-free systems has been proposed because of its robustness and recyclability/reusability potential (Obeng et al. 2017a ). For instance, in cellulose hydrolysis, promising developments in whole-cell biocatalyst viz. the cellulosomal (multi-enzyme) and multi-functional cellulase systems have been witnessed (Bayer et al. 1998; Obeng et al. 2017a) . A more recent discovery is the autodisplay system, which is a system that employs sec signal peptides and autotransporter proteins in ensuring the outward transport and attachment of heterologous recombinant proteins onto the surface of strictly Gram-negative bacteria (Jose 2006; Jose et al. 2012; Nicolay et al. 2015) . The autotransporter secretion system is known for the export of single substrate proteins (Ma et al. 2003) , and it is the major secretion pathway in Gramnegative bacteria partly due to the presence of a dual membrane (Pallen et al. 2003) . A proof of concept of this technique for the secretion of cellulases (Tozakidis et al. 2016 ) and hemicellulases (Schulte et al. 2017) for lignocellulose degradation has been reported.
In the realization of the future of enzyme-processed biocommodities, whole-cell biocatalyst researchers continually search for suitable expression platforms which are robust and can withstand harsh conditions. Specifically, strains capable of producing an appreciable level of functional proteins with high bioactivity and stability are mostly preferred. The nature of the expression platform (host organism) dictates the growth rate, the expression level, and the activity and stability characteristics of the whole-cell biocatalyst (Tozakidis et al. 2016) . Most commonly, the heterologous protein expression via genetic recombination employs Escherichia coli as the expression platform in both lab-scale investigations and preliminary commercial developments. This is because of the well-characterized system of E. coli and its ability to yield high-density culture relatable to a high level of bioactive proteins at a cheaper cost (Lee 1996; Choi et al. 2006; Yin et al. 2007 ). E. coli BL21 and its derivatives are the best candidates mostly used (Yin et al. 2007; Berlec and Štrukelj 2013) . Yeast and Bacillus subtilis have also had their applications for the expression of recombinant proteins (Vavrová et al. 2010; Cherf and Cochran 2015) . However, yeast and B. subtilis platforms cannot be used for the autotransporter secretion system because of the strict requirement of sec signal peptides, autotransporter proteins, and a dual membrane for translation and ultimate expression. Recently, some Pseudomonas strains, for example, P. fluorescens, P. aeruginosa, and P. putida, have been recognized for their rapid growth rate and protein secretion abilities and, thus, touted as potential and competitive candidates for heterologous protein expression (Krzeslak et al. 2009; Chen 2012) .
In this article, we compare the potential use of E. coli BL21(DE3) and P. putida KT2440 as expression platforms for the surface display of three model autodisplayed cellulases (i.e., endoglucanase, BsCel5A; exoglucanase, CelK; and β-glucosidase, BglA). We iterate that the autodisplay technology works only in Gram-negative bacteria, and thus, E. coli and P. putida are deservedly the popular choice for this study. We present a comparative biochemical analysis of these enzymes based on reaction time, substrate concentration, and functional pH and temperature to predict any possible bacteria-specific differences in the performance and characteristics of the recombinant enzymes. Lastly, volumetric blends of the singleenzyme recombinant bacteria have been experimented for their possible sugar generation from filter paper.
Materials and methods

Materials
Incubator shaker (New Brunswick Scientific Innova 40, Eppendorf, Selangor, Malaysia), thermo-shaker (TS-100, BioSan, Riga, Latvia), centrifuge (TGL-40, Sichuan Shuke Instrument, Chengdu, China), spectrophotometer (Genesys 20, Thermo Scientific, Düsseldorf, Germany), microplate reader (Infinite m200, Tecan, Männedorf, Switzerland), microplates (Greiner 96 flat transparent, Sigma-Aldrich, Darmstadt, Germany), thermocycler (PTC-200, MJ Research Inc., Quebec, Canada), carboxymethyl cellulose (CMC, low viscosity, Sigma-Aldrich, Germany), 3,5-dinitrosalicyclic acid (DNS, Acros Organics, Düsseldorf, Germany), sodium sulfite (Sigma-Aldrich, Germany), Phenol ACS (VWR, Gul, Singapore), potassium sodium tartrate tetrahydrate (Na-K-tartrate, Carl Roth, Karlsruhe, Germany), p-nitrophenol-β-D-cellobioside (pNPC, Santa Cruz Biotechnology, Heidelberg, Germany), p-nitrophenol (pNP, Sigma-Aldrich, Germany), p-nitrophenol-β-Dglucopyranoside (pNPG, Sigma-Aldrich, Germany), tryptone/peptone ex casein pancreatic digest (BD Bacto™, Selangor, Malaysia), yeast extract (Fisher Scientific, Düsseldorf, Germany), sodium chloride (Sigma-Aldrich, Germany), kanamycin sulfate (Fisher Scientific, Germany), L-arabinose ≥ 99% for biochemistry (Carl Roth, Germany), and D -glucose (Carl Roth, Germany).
Maximized autotransporter expression plasmid (pMATE)
The maximized autotransporter-mediated expression (MATE) system described by Sichwart et al. (2015) was exploited to design three cellulases, namely endoglucanase (BsCel5A; GenBank: FJ172348.1; from B. subtilis), exoglucanase (CelK; GenBank: AF039030; from Clostridium thermocellum), and β-glucosidase (BglA; GenBank: X60268; from C. thermocellum). The MATE fusion cellulases were designated as MATE-BsCel5A, MATE-CelK, and MATE-BglA, respectively. The constructs were synthesized commercially (Life Technologies, Carlsbad, USA). The cellulase gene-carrying plasmids were provided by Autodisplay Biotech GmbH, Düsseldorf, Germany. The system employed the AraC/BAD promoter and rrnB terminator from pBAD/gIII (Invitrogen), and pBBR1-MCS2 cloning vector origin and kanamycinresistant gene. Tozakidis et al. (2016) has reported the construction of the pMATE-cellulase fusion genes in detail.
Bacterial strain, culture conditions, and protein expression E. coli BL21 (DE3) (Novagen®, Darmstadt, Germany) and P. putida KT2440 (ATCC® 47054™) were used as expression platforms for this comparative study. Luria Bertani (LB) broth (10 g/l tryptone/peptone from casein, 5 g/l yeast extract, and 10 g/l sodium chloride) was used as the culture medium for both bacterial strains. The E. coli and P. putida strains were cultured at their optimum growth temperatures of 37°C (Glass 1981) and 30°C (Nakazawa 2002) , respectively, and at 200 rpm. Kanamycin (50 μg/ml in medium) and Larabinose (0.2% w/v in medium) were sterile-filtered and used as antibiotic and inducer, respectively, when needed. The cells were made competent using CaCl 2 (0.1 M) and transformed chemically via heat shock method.
Single colonies of each strain were precultured for 16 h in 5 ml LB with kanamycin (50 μg/ml in medium). The cells were harvested, washed twice with fresh LB, and sub-cultured in 50 ml LB with kanamycin (50 μg/ml in medium). The initial optical density (OD 578 ) was about 0.05. To induce the surface expression of the cellulases, 500 μl L-arabinose (2%) was added when the culture achieved an OD 578 of about 0.6. The cells were harvested, washed twice in respective buffers, and set to the required ODs (578 nm) at 4 h after induction. Native strains were used as controls with no kanamycin and Larabinose induction. For the growth comparison, the cells were monitored for 24 h.
Whole-cell biocatalyst activity investigation
The procedure for the activity analysis has been summarized in Fig. 1 . Each set of experiment was performed in triplicate. Average absorbance values for each setup were used in all computations. The harvested cell biomasses were washed with and kept in sodium citrate buffer (0.1 M; pH 6) for activity studies, except for the functional pH analysis where different buffers were used. The amount (mM) of product produced in 1 min by a unit OD 578 of the cell is designated as specific cell activity (mU/ml. OD), where U represents the amount (mmol) of product generated per minute of reaction time. As a control experiment, the absorbances of each recombinant cell in all the buffers (without substrate) were checked to ensure that no unknown (bacteria-specific) expression material influenced the product absorbance measurements. Also, the possible activity of native (non-recombinant) cells in the presence of all the substrates was checked and found insignificant.
Endoglucanase (BsCel5A) activity
The endoglucanase-bearing cells were cultured and harvested as previously described. The cells were washed in respective buffers and set to OD 578 40 using the spectrophotometer. Approximately 105 μl of the prepared cells was added to 105 μl carboxymethyl cellulose (CMC, 2%) and designated as a cell sample. Sample blanks consisted of 105 μl CMC (2%) in 105 μl of the respective buffer. The mixtures were kept in 2-ml Eppendorf tubes and incubated at 55°C (except for the functional temperature analysis) and 900 rpm for a given residence time followed by immediate centrifugation (14,000 rpm, 4°C, 2 min). The supernatants were assessed for their reduced sugar equivalence (RSE) using the DNS colorimetric method (King et al. 2009 ) with the aid of the thermocycler. The DNS reagent consisted of DNS (1.0 g), phenol (0.2 g), sodium sulfite (0.05 g), and Na-K-tartrate (Rochelle salt, 20 g) in 150 ml NaOH (0.67%). D -Glucose (1 mg/ml; Mwt = 180 g/mol) was used as the analytical standard. The absorbance (Abs 540 nm ) measurements were compared against the standard. The specific endoglucanase activities were computed using Eqs. 1 to 3:
Abs sample corrected ¼ Abs sample −Abs blank ð1Þ
Abs sample corrected Abs standard Â 1000 ð2Þ specific endoglucanase activity of cells mU ml:OD
Exoglucanase (CelK) and β-glucosidase (BglA) activities
The exoglucanase-and β-glucosidase-bearing cells were also cultured and harvested as previously described. The distinct cells were washed in respective buffers and set to OD 578 1 and 40, respectively, using the spectrophotometer. The exoglucanase and β-glucosidase utilized p-nitrophenol-β-Dcellobiose (pNPC, 10 mM) and p-nitrophenyl-β-Dglucopyranoside (pNPG, 10 mM) as substrates, respectively. Approximately 90 μl of the prepared cells was added to 90 μl of their respective substrates and designated as cell samples. Also, 90 μl of p-nitrophenol (pNP, 2 mM) in 90 μl of the respective buffer was used as the standard. Sample blanks consisted of 90 μl substrate in 90 μl of the respective buffer. The mixtures were kept in 2-ml Eppendorf tubes and incubated at 55°C (except for the functional temperature analysis) and 900 rpm for a given residence time followed by immediate centrifugation (14,000 rpm, 4°C, 2 min). The supernatants were spectrophotometrically assessed for the yield of pNP after the addition of 2 M Na 2 CO 3 to stop the reaction and improve color development. The absorbance (Abs 400 nm ) measurements were compared against the standard and the possible activity of native (non-recombinant) cells. The specific exoglucanase and β-glucosidase activities were computed by employing Eq. 1 followed by Eqs. 4 and 5, accordingly.
specific exoglucanase or β−glucosidase activity of cells
Investigation of product formation over time
The thermo-shaker was preheated to 55°C followed by the preheating of the substrate and cells for 5 min. The process was carried out as previously described for endoglucanase, exoglucanase, and β-glucosidase accordingly. The experiments were conducted for 1, 3, 5, 10, 15, 20, 25, and 30 min, all in triplicate.
Investigation of substrate-to-product conversions
The thermo-shaker was preheated to 55°C followed by the preheating of substrate and cells for 5 min. The process was carried out as previously described for endoglucanase-, exoglucanase-, and β-glucosidase-bearing cells accordingly. The experiments were conducted for varying CMC concentrations of 1, 2, 3, 4, and 5% for endoglucanase-bearing cells, and 1, 3, 5, 10, 15, and 20 mM concentrations of pNPC and pNPG for exoglucanase-and β-glucosidase-bearing cells, respectively, all in triplicate. The residence time was 20 min.
Investigation of functional pH range of the autodisplayed enzymes
Sodium citrate (pH 3-6), citrate-phosphate (pH 7), Tris (hydroxylmethyl) aminomethane-HCl (pH 8-9), and glycine-NaOH (pH 10) buffers were prepared at a concentration of 0.1 M. The harvested cell biomasses were washed with and kept in buffers of various pH to assess their performance and stability in the respective buffers. The thermo-shaker was preheated to 55°C followed by the preheating of substrate and cells for 5 min. The process was carried out as previously described for endoglucanase-, exoglucanase-, and β-glucosidase-bearing cells accordingly. The experiments were conducted for pH of 3, 4, 5, 6, 7, 8, 9 , and 10, all in triplicate. The residence time was 20 min.
Investigation of the functional temperature range of the autodisplayed enzymes
The hydrolysis activities were monitored at temperatures of 30, 40, 50, 55, 60, 70, 80, 90 , and 100°C for their corresponding product yields. The thermo-shaker was preheated to the respective temperatures followed by the preheating of substrate and cells for 5 min. The process was carried out as previously described for endoglucanase-, exoglucanase-, and 
Filter paper saccharification
This section adopted the filter paper assay described in Obeng et al. (2017b) . The P. putida whole-cell biocatalysts herein were chosen for this section because of its superior performance in comparison with that of E. coli. The recombinant cells were used in place of the cell-free enzyme reported by Obeng et al. (2017b) . The three recombinant P. putida cells bearing the different cellulases were cultured, and the enzymes were surface-expressed as previously described. The cells were conditioned in sodium citrate buffer (0.1 M; pH 6) and set to an OD 578 of 50. Seven blend compositions of endoglucanase, exoglucanase, and β-glucosidase were studied for their sugar yields over time. The blends were 1:1:1, 1:1:1.5, 1:1.5:1, 1.5:1:1, 1:1:2, 1:2:1, and 2:1:1 in volumetric terms. Approximately 71 μl of each blend was added to a piece of Whatman filter paper (Ø 6 mm,~2.5 mg) in a 2-ml Eppendorf tube. The mixture was incubated at 55°C for 3, 6, 24, and 48 h. The resulting sugar yields were quantified as described above for the endoglucanase assay.
Results
Plasmid description and the autodisplay technology
The description of the pMATE cellulase plasmids and the autodisplay technology has been reported (Tozakidis et al. , 2016 . In short, the MATE is a Bcassette^which composes of a cholera toxin B subunit (CtxB) signal peptide encoding gene, a multiple cloning site (MCS), and an EhaA autotransporter unit. The MCS serves for passenger gene insertion (Sichwart et al. 2015) , the CtxB signal peptide assists in the direction of the passenger (cellulase) across the inner membrane into the periplasmic space via the sec pathway (Jose and Meyer 2007) , and the EhaA autotransporter unit facilitates translocation of the passenger across the outer membrane as well as the anchorage onto the cell surface (Wells et al. 2008) . Herein, the system made use of the AraC/BAD promoter and rrnB terminator from pBAD/gIII (Invitrogen), and pBBR1-MCS2 cloning vector origin and kanamycinresistant gene (Supplemental Fig. S1-S3 ). During protein expression via the introduction of L-arabinose, the synthesized cellulase (passenger) translates across the inner membrane into the periplasm with the assistance of the sec signal peptide (Fig. 2) . The signal peptide gets cleaved by periplasmic peptidases to allow the beta-barrel to anchor itself onto the outer membrane, whereas the linker protrudes and projects the cellulase outwardly for external application.
Microbial growth pattern: a comparison
The growth comparison is based on the assumption that the two microorganisms have comparable size (0.5-0.8 μm diameter and 1-2 μm long) and thus have equal dispersion abilities. This therefore makes the use of cell optical density (OD) measurement, which is based on Beer-Lambert's law, a suitable approach and fair means to comparatively quantify cell concentration or weight in solution. Figure 3 compares the growth patterns of the recombinant E. coli (Fig. 3a) and P. putida (Fig. 3b) . The native (non-recombinant) strains were used as a benchmark to ascertain any distinct growth characteristics that will be exhibited as a result of the distinct plasmid present. The only different treatment rendered between the native and the respective recombinants was the inclusion of an antibiotic and L-arabinose (inducer). It is worth emphasizing that both the E. coli and P. putida strains were cultured at their optimum growth temperatures of 37°C (Glass 1981) and 30°C (Nakazawa 2002) , respectively. All other features were fixed for both strains. Also, all the strains were aseptically cultured and, thus, no significant unwanted inclusions were expected.
Comparing Fig. 3a to Fig. 3b , it is seen that both the native and recombinant versions of E. coli showed a steady growth pattern unlike their P. putida counterparts. For instance, within the 24-h incubation period, the E. coli versions of the endoglucanase and β-glucosidase construct outgrew their P. putida counterparts by 25.9 and 24.1%, respectively. However, the exoglucanase version of the P. putida grew better than that of the E. coli by about 19%. The growth difference between the native (non-recombinant) versions of E. coli and P. putida was not significant (p < 0.05). The most distinctive observation came from the endoglucanase constructs of both cell factories, where clumps were observed few hours after L-arabinose induction, leading to a diminished growth rate just around the fifth hour. Lastly, contrary to expectation, both native strains could not overgrow some of their recombinant counterparts although the only difference was the exclusion of kanamycin (antibiotic) and L-arabinose inducer from the native culture.
Time course and substrate conversion: a comparison Figure 4a , b displays the comparative time course characteristics of the enzymes on the surfaces of E. coli and P. putida. In Fig. 4a , increasing substrate conversion time at a fixed substrate concentration of 10 mM showed a trend of increasing product yield for all the enzymes with both E. coli and P. putida as cell factories. However, the P. putida bearing the endoglucanase (BsCel5A) gene generated more reduced sugars from 2% CMC than that of E. coli, specifically in Fig. 4a(i) . For the exoglucanase (Fig. 4a(ii) ) and β-glucosidase ( Fig. 4a(iii) ), the rate of cleavage of glycosidic bonds was similar for both E. coli and P. putida. The specific enzyme activity of all the enzymes showed a much faster rate at the beginning of the enzymatic process but considerably diminished as the reaction proceeded (Fig. 4b) . In Fig. 4b (ii), the specific exoglucanase activity was constant after 3 min; however, that of the endoglucanase (Fig. 4b(i) ) and β-glucosidase ( Fig. 3b(iii) ) decreased proportionally with time. Concerning the substrate utilization experiment (Fig. 5) , the behavior of all the enzymes (except for the β-glucosidase which plateaued) showed a linear relationship with the product yield for the range of substrate concentrations tested. As a common occurrence in enzyme-substrate kinetic experiments, the β-glucosidase construct yielded a plateau as the substrate concentration was increased. This observation was not seen for the endoglucanase and exoglucanase constructs. Comparatively, the enzymes with P. putida as host yielded higher product levels than their E. coli counterparts.
Functional pH and temperature range: a comparison Figure 6 shows the comparative pH and thermal characteristics of the enzymes on the surface of E. coli and P. putida.
For both E. coli and P. putida, all the expressed enzymes showed activity over a broad range of pH (4-10) and temperature (30-100°C). Also, all the enzyme constructs demonstrated the classical bell shape of pH-activity and temperature profiles. It could be seen that the activity results for pH 8 and 9 (Tris-HCl buffer) appeared lower than that of pH 10 (glycine buffer) although the converse was expected. However, as expected, the extreme pH suppressed the functionality of all the enzymes on both strains. Table 1 displays the pH and temperature optima of the enzymes on both E. coli and P. putida cell factories. Interestingly, there were shifts in both pH and temperature optima for the same Fig. 2 The autodisplay-cell secretion mechanism. Adapted from Tozakidis et al. (2015) Fig . 3 Comparison of growth patterns of recombinant cells. a E. coli BL21, b P. putida KT2440. The recombinant cells were induced with L-arabinose when the culture achieved OD 578 of about 0.6. Comparatively, the E. coli systems yielded high cell densities in comparison to their P. putida counterparts enzymes expressed in the two different host cells. For instance, the optimal pH for the endoglucanase on E. coli was 6-7 whereas that of P. putida was 5-6. Also, the optimal temperatures for the exoglucanase and β-glucosidase on E. coli were 70 and 50°C, respectively; whereas those on P. putida were 60 and 40°C, respectively. Notably, the enzymes perform best in sodium citrate buffer and, thus, was selected for the subsequent experiment. Hitherto, the enzymes with P. putida as cell factory exhibited a better activity characteristic in comparison to that of E. coli and, thus, the P. putida expression platform was selected for subsequent experiment. The optimum temperatures and pH of the individual enzymes were averaged (pH 6 and 55°C) and employed in the filter paper depolymerization process. Fig. 4 Time course. a Product formation over time; b specific enzyme activity. i, endoglucanase; ii, exoglucanase; iii, β-glucosidase. Comparatively, the enzymes with P. putida as host yielded higher enzyme activities than their E. coli counterparts Fig. 5 Substrate conversion. i, endoglucanase activity; ii, exoglucanase activity; iii, β-glucosidase activity. Increasing substrate concentration resulted in an increased product yield for the range of substrate concentrations studied, accept for β-glucosidase which plateaued after 10 mM. Comparatively, the enzymes with P. putida as host yielded higher product levels than their E. coli counterparts
Filter paper saccharification
The outcome of the filter paper saccharification experiment is shown in Fig. 7 . Consistent with the time course study, increasing the reaction time improved the yield of reduced sugar from the filter paper. Most of the blends achieved their maximum saccharification yield at 24 h of incubation. Interestingly, a blend of 1:1:1.5 of endoglucanase, exoglucanase, and β-glucosidase, respectively, yielded the highest level of reduced sugar of about 0.7 mg/ml (~0.08 U/g) from the Whatman filter paper (Ø 6 mm,~2.5 mg) within 24 h. The blend of 2:1:1 of endoglucanase, exoglucanase, and β-glucosidase, respectively, gave the minimum level of reduced sugar within 48 h of saccharification time. For most of the blend compositions, there was an occurrence of a drop in the sugar yield after 24 h, except for the 1:1.5:1 and 1.5:1:1 blends. Notably, the 1:1.5:1 and 1.5:1:1 blends showed prospects of achieving more reduced sugar level over an extended time since the respective blends did not show a plateau over the 48 h of saccharification time.
Discussion
Microbial growth pattern: a comparison
The success of protein engineering and high-throughput protein production is attributed to the high growth rate and versatility of E. coli systems (Gordon et al. 2008; Koehn and Hunt 2009 ). Comparatively, the enzymes with P. putida as host yielded higher enzyme activities than their E. coli counterparts. For the pH analysis, sodium citrate (pH 3-6), phosphate (pH 7), Tris-HCl (pH 8-9), and glycine (pH 10) buffers were used The enzymes acceptably performed best in sodium citrate buffer (pH 6) Similarly, since the certification of P. putida KT2440 as a hostvector biosafety system, the bacterial strain has been an important prokaryotic cell factory for the expression of recombinant proteins of a diverse spectrum and at appreciable levels (Bagdasarian et al. 1981; Timmis 2002; Dammeyer et al. 2011 ). The BL21 strain of E. coli was chosen for this study because of the absence of Lon and OmpT proteases that are capable of degrading recombinant proteins (Berlec and Štrukelj 2013) . P. putida KT2440 is a derivative of P. putida mt-2, but without the TOL plasmid that encodes enzymes for toluene/xylene degradation (Nakazawa 2002; Timmis 2002) , which may suspiciously interact with the model substrate. In this experiment, the idea that recombinant expression of proteins in microbial systems affects the cellular physiology and often incites stress responses that potentially suppress growth was evinced. Figure 3a , b shows the comparative growth patterns of the E. coli (a) and the P. putida (b) strains. The E. coli (both native and recombinant) demonstrated slightly higher optical densities within 24 h in comparison with their P. putida counterparts, even though they were cultured at their optimum conditions. In both bacterial strains, the endoglucanase-bearing cells exhibited the most suppressed growth. It is known that heavy recombinant biomolecules tend to pose cellular stresses, which result in suppressing the growth and cellular functions of host cells. However, the growth suppression of the endoglucanase (pMATE-BsCel5A)-bearing cells could not be explained by the size of its plasmid since it happens not to be the heaviest among the three constructs (Supplemental Fig. S1 ). Interestingly, the E. coli and P. putida cells bearing the pMATE-BsCel5A gene showed some clumps after 5 h of incubation, resulting in a cessation of growth and reduced cell optical density. The clumps may be a consequence of the release of surface adhesion proteins or starvation-induced proteins which can bring cells together as clumps (Wainwright et al. 1999; Möller et al. 2013) to cause a suppression of cell growth and multiplication, especially during the overexpression of foreign protein in bacterial systems (Lee 1994) . However, the clumps were not seen for the cells containing pMATECelK and pMATE-BglA plasmids. Also, contrary to expectation, both native strains could not overgrow some of their recombinant counterparts although the only difference was the exclusion of kanamycin (antibiotic) and L-arabinose inducer in the native culture. We perceive that the biochemical and nutritional demands of each variant (i.e., native and recombinant) influenced this result. With the general assumption that host cells with high growth rates commensurate with high protein expression (which could also imply high activity), the subsequent sections attempted to ascertain this hypothesis using enzyme activity studies.
Time course and substrate conversion: a comparison
In enzyme kinetics for diluted systems (Michaelis-Menten hypothesis), increasing substrate conversion time at constant substrate concentration increases product yield linearly until a saturation point is reached (Bisswanger 2002; Taylor 2002) . This principle was exemplified in Fig. 4a, b , where all the enzymes with both E. coli and P. putida as cell factories demonstrated an increasing substrate conversion rate at a fixed initial substrate concentration. Interestingly, in Fig. 4a(i) , it is seen that the P. putida bearing the endoglucanase (BsCel5A) gene outperformed its E. coli counterpart. The reason could be linked to the expression of a high level of highly active endoglucanases in P. putida compared to E. coli. This inference is rational since the substrate and cell loadings were standardized at 2% CMC and 40 OD 578 , respectively. The only distinction was the cultivation temperatures which undeniably could affect the enzyme kinetics. However, this huge activity difference was not witnessed for the exoglucanase (CelK) (Fig. 4a(ii) ) and β-glucosidases (BglA) (Fig. 4a(iii) ) constructs of the two strains under investigation, indicating that the presumed cultivation process did not affect these Fig. 7 The saccharification of filter paper using blends of wholecell biocatalyst. Most of the blends achieved their maximum saccharification yield at 24 h of incubation. The drop in the yield after 24 h is a combined consequence of feedback inhibition and the utilization of the sugar for cellular maintenance constructs. In Fig. 4b , the specific enzyme activities of all the enzymes showed a much faster rate at the initial stages and gradually diminished as reaction proceeded. This observation was expected mostly due to the effect of substrate depletion, enzyme denaturation, or inhibition (Bisswanger 2002; Taylor 2002) . However, the behavior of the exoglucanase construct (Fig. 4b(ii) ) of both cell factories leads to the inference that the overall stability of the exoglucanase construct towards the conversion of the substrate is superior and more conserved than that of the endoglucanase and β-glucosidase. It is worth noting that the activities of the native strains were found to be insignificant and, thus, were not factored into the activity calculations.
In agreement with the principle of enzyme kinetics (Bisswanger 2002; Taylor 2002) , the behavior of all the enzymes showed a linear relationship with the product yield for the range of substrate concentrations investigated, except for the β-glucosidase construct which plateaued (Fig. 5) . Contrary to the time course studies, the cause of this plateau effect is largely a consequence of product (feedback) inhibition-a condition where the product tends to inhibit the enzymes (Bisswanger 2002; Taylor 2002) . However, this occurrence only happened for the β-glucosidase construct (Fig. 5(iii) ), indicating that the endoglucanase (Fig. 5(i) ) and exoglucanase ( Fig. 5(ii) ) have not reached their stationary phase yet and that their saturation point may exist at the far right. However, in general, the enzymes with P. putida as host cell factory performed better than that with E. coli in terms of product yield.
Functional pH and temperature range: a comparison
The overall stability of enzymes is related to their pH and thermal characteristics within a given time. A change in pH of milieu affects the chemical state (e.g., pI, charge, protonation, deprotonation, etc.) and structural conformation of enzymes whereas temperature variations affect enzyme structural stability. Enzymes with wide pH and thermal characteristics have extended application possibilities and can stay functional during unstable process conditions. In Fig. 6 , the endoglucanase, exoglucanase, and β-glucosidase showed activity over a broad range of pH (4-10) and temperature (30-100°C) for both bacterial expression platforms. All the enzyme constructs demonstrated the classical bell shape of pHactivity and temperature profiles. Activity results for pH 8 and 9 (Tris-HCl buffer) appeared lower than that of pH 10 (glycine buffer). This observation could support the revelation that Tris-based buffers alter the chemical state of glycosidases by partially blocking the active sites (Offen et al. 2006; Jeng et al. 2011; Roberts and Davies 2012) . Therefore, the blocking effect caused a slight inhibition of the cellulases. Overall, the extreme pH and temperatures resulted in a reduced enzyme performance which is a consequence of altered protonation and conformation characteristics of the enzymes. In this experiment, the mesophilic growth temperatures of the host cells (37°C for E. coli and 30°C for P. putida) could not have a significant effect on the functional temperature range of all the enzymes since the thermostable nature of the constructs was confirmed, except for the β-glucosidase construct. The β-glucosidase effect may be due to the deletion of non-specific amino acid units from the enzyme structure as previously reported by our group (Tozakidis et al. 2016) . Interestingly, the pH and temperature optima of the enzymes (Table 1) showed interesting shifts in both pH and temperature optima for the same enzymes expressed in the two different host cells. Nevertheless, P. putida still expressed highly active enzymes (judging from its relatively high product yield) within the stability range though the recombinant enzymes expressed in E. coli showed higher values of pH and temperature optima. Nonetheless, the pH and temperature optima differences between the two host cells were not highly significant. The results compared well with the reported pH and temperature optima of cell-free BsCel5A (pH 6; 60°C) (Li et al. 2008; Yang et al. 2010) , CelK (pH 6; 65°C) (Kataeva et al. 1999) , and BglA (pH 6; 55°C) (Ait et al. 1982) . Due to the obvious superior performance of the P. putida expression system to the E. coli system, the former was selected for the filter paper degradation experiment. However, Wang et al. (2014) suggests the use of an alkaline shift approach as a simple remedy to improve the expression abilities of the E. coli BL21(DE3).
Filter paper saccharification
The average optimal pH and temperature characteristics of the blend system were pH 6 and 55°C. These biochemical parameters formed the basis of the filter paper depolymerization process. The outcome of the filter paper saccharification is shown in Fig. 7 . Apparently, the generation of reduced sugars from all the blend compositions increased with increasing reaction time, with maximum yields at 24 h. This result is also consistent with the principles of enzyme kinetics as previously discussed. Notably, the blend of 1:1:1.5 of endoglucanase, exoglucanase, and β-glucosidase, respectively, produced the maximum sugar yield of about 0.7 mg/ml (~0.08 U/g) from the Whatman filter paper (Ø 6 mm,~2.5 mg) within 24 h. The proportions or quantities of each enzyme in the above blend which led to the highest level of reduced sugars contrasted with the claim of Park et al. (2011) . According to Park et al. (2011) , the hydrolysis of cellulose requires less quantity of β-glucosidases, which is about 100-1000 times lower than the amounts of endoglucanase and exoglucanase. This contrast could be explained from the low specific activity of the β-glucosidase as seen in Figs. 4 and 6 . On the other hand, the low proportions of the endoglucase and exoglucanase may be attributed to the associated high specific activities. In other words, the endoglucanase and exoglucanase are expressed in high quantities or active forms in comparison to the β-glucosidase. Notably, for most of the blend compositions, there was an occurrence of a drop in the sugar yield after 24 h. This observation could be a combined consequence of feedback inhibition and the utilization of the sugar for the cellular maintenance of the bacteria. According to Khattak et al. (2014) , the eminent utilization of sugars from feed during microbial conversion of cellulose is a crucial drawback. Also, the feedback inhibition of cellulases by both end and intermediate products have been vastly reported (Gottschalk et al. 2010; Li et al. 2013; Badhan et al. 2014; Agrawal et al. 2015; Das et al. 2015) . However, in the proof of concept of this autodisplayed cellulase technology, Tozakidis et al. (2016) reported that the cells consume less glucose at 55°C which coincides with the estimated (average) temperature used for the filter paper saccharification. The overall performance of the blends and the idea of mixing whole cells displaying single enzymes could be relevant for the cellulase and bioethanol industry.
In conclusion, this research has demonstrated that the nature of expression platforms (host organisms) influences the growth rate, enzyme activity, and stability characteristics of whole-cell biocatalysts. The experiment revealed that even though the E. coli systems exhibited higher cell growth rates, the corresponding enzyme activity of the expressed cellulases on the E. coli systems was lower than that of P. putida. In congruence with results herein, it is recommendable to not only consider the ability of the host to express its passenger when selecting suitable expression platforms but also the expression levels, bioactivity, and thermal and pH stabilities of the passenger should be critically considered. Moreover, and depending on the intended application, the cost, safety, and convenience of the selected cell factory should not be compromised. Such an achievement would be a great step in recombinant enzyme production, especially for bio-commodity processing. The autodisplayed thermostable cellulases reported herein could be potentially useful for the generation of feedstock for Bgreen^fuels.
